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Abstract 

Ionic liquid-based N-octadecyl-N'-octadecyl imidazolium iodide functionalized layered double 

hydroxide (LDH-IM) was synthesized for manufacturing high-performance epoxy 

nanocomposites. Nonisothermal differential scanning calorimetry (DSC) was performed to study 

cure kinetics of epoxy nanocomposites with LDH and LDH-IM. Incorporation of Mg-Al-CO3 

LDH into epoxy hindered the curing reaction, as detected by dimensionless Cure Index (CI). By 

contrast, epoxy/LDH-IM cured Good and Excellent due to imidazolium ionic liquid. Higher 

activation energy for completely cured epoxy/LDH-IM nanocomposite was obtained compared 

to epoxy and epoxy/LDH nanocomposites. The curing reaction rate was obtained by calculation 

of the orders of instantaneous autocatalytic and non-catalytic reactions, and optimal kinetic 

parameters based on isoconversional methods were in good agreement with experimental cure 

reaction rates. Lower value of Tg for epoxy/LDH nanocomposite compared to the neat epoxy 

signified weak interactions between Mg-Al-CO3-LDH and epoxy matrix, while a higher Tg was 

obtained for epoxy/LDH-IM. Network degradation kinetics of the samples was also investigated. 

The higher decomposition activation energy for epoxy/LDH-IM approved strong interfacial 

adhesion in the assigned system. The highly reactive nature of the developed LDH-IM gives 

reason for its usage for developing highly curable epoxy with high thermal and mechanical 

properties.   

Keyword: Layered double hydroxide (LDH); Imidazolium ionic liquids; Epoxy; Cure kinetics; 

Thermal decomposition kinetics 

 

 

 

 

 



1. Introduction 

Polymer scientists and technologists alike are seeking nanoparticles with appropriate dispersion 

in polymers for developing high-performance polymer nanocomposites [1-3]. Analyses made on 

thermal stability, mechanical, anti-corrosive, and flame retardant properties of nanocomposites 

unraveled difficulties in developing toughened epoxy systems [4-8]. Strategically, the use of 

reactive liquid rubbers was proposed as a solution to produce toughened epoxy resins [9, 10]. By 

contrast, network formation in epoxy containing nanoparticles was occasionally addressed [11-

13]. Available reports address the effects of the size, shape, and functionality of nanoparticles on 

the properties of epoxy [14-16]. An additional requirement is to find low-cost nanoparticles. 

Complexity of finding a nanoparticle that could meet requirements (low cost/easily 

dispersible/highly reactive) has always been a driving force behind developing advanced 

polymer composites [17].    

The abundance, low cost, low toxicity and special shape of clay minerals were reasons behind 

the use of clays in developing organic coatings [18, 19]. Typically, cationic clays or clay 

minerals (available in nature) and anionic clays or layered double hydroxides (LDH) (available 

in the laboratory or industrial scale) are known as the main general classes of clays [20]. Cationic 

clays are negatively charged with alumina-silicate layers with small cations in between the 

interlayer space to balance the charge. By contrast, anionic clays have positive charges in 

between brucite-like metal hydroxide layers with balancing anions and water molecules in their 

interlayer space [21]. The exchange and arrangement of guest species in interlayer space and the 

degree of the order-disorder transformation allow one for developing diverse LDH derivatives 

for a wide range of applications [22, 23].  



The most frequently available molecular structure of LDH is shown by Eq. (1) [24]: 

[M2+
1−xM3+

x(OH)2]x+ (An−)x/n.yH2O        (1) 

where M2+ is a divalent metal ion such as Mg2+, Ca2+ or Zn2+ [25, 26], M3+ is a trivalent metal 

ion such as Al3+, Cr3+, Fe3+ or Co3+ [27], and eventually An− is an anion such as Cl−, CO3
2− or 

NO3
− [28, 29]. Depending on brucite-like layer of [M2+

1−xM3+
x(OH)2]x+, basal value d, and as a 

result of using intercalating agents the LDH interlamellar space l will be changed to attain a wide 

variety of LDH structures. 

When an intercalating agent is used, the general formula of the modified (sometimes known as 

intercalated) LDH can be reformed to Eq. (2): 

[M2+
1−xM3+

x(OH)2]x+ [(An−)x/n.yH2O]x-       (2) 

where An− is the intercalating anion (or anions).  

A wide variety of LDH structures have been taken into account in preparation of epoxy 

composites, in which nanoplatelets were directly mixed with epoxy resin followed by addition of 

curing agent. In situ polymerization of epoxy monomer in the presence of nanoparticles was also 

examined [30, 31]. Depending on the intercalation degree of clay platelets [32, 33], a wide 

variety of morphologies have been observed in polymer/LDH nanocomposites, which strongly 

affected the properties of epoxy [34, 35]. 

For epoxy/LDH nanocomposites, significant changes in the ultimate properties/performance 

ranging from thermal and mechanical to flame retardancy were reported upon manipulation of 

LDH structure as well as the enlargement of interlayer space between layered nanoplatelets [36, 



37]. It was reported that addition of LDH with NO2
− intercalating anion to the lamella structures 

the barrier performance of epoxy coating was improved [38]. Incorporation of 0.05 mass% of 

MgAl-NO3 LDH increased the anticorrosion performance of coating through impedance increase 

from 4.64 × 108 Ω cm2 for neat epoxy to 2.14 × 1010 Ω cm2 for nanocomposite. Elsewhere, 

sodium phenyl phosphate intercalated CuAl-LDH effectively improved the flame retardancy and 

smoke suppression performance of epoxy [39]. It was indicated that the peak of heat release rate 

and the peak of smoke production rate of epoxy containing sodium phenyl phosphate intercalated 

CuAl-LDH were decreased 55.6% and 46.2%, respectively. Nevertheless, reports on curing 

potential of epoxy/LDH nanocomposites are limited to glass transition temperature (Tg) or the 

exothermic peak displacements in nonisothermal differential scanning calorimetry (DSC). For 

example, it was reported that increasing the molar mass of poly(oxypropylene)–

amindocarboxylic intercalating agent was responsible for its higher thermal stability because of 

enlargement of the interlamellar space [40]. It was also observed that higher contents of modified 

LDH (10 mass%) decreased significantly the exothermic peak of DSC thermograms from 182 to 

152°C. 

In a previous work [41], two types of LDH were used and the significant change in cure kinetics 

was reflected in the reduction of the activation energy by zinc (Zn) compared to magnesium 

(Mg), due to the action of Zn metal as an adduct with epoxy group. Moreover, sodium 

dodecylbenzene sulfonate was used to enlarge the interlamellar space, and also to enhance the 

degree of compatibility of LDH with hydrophobic epoxy matrix. The Cure Index (CI) and 

thermomechanical properties of epoxy/Mg-Al-NO3LDH system were high, like the storage 

modulus and α-relaxation temperature (Tα). Interpretations based on Tg were indicative of larger 



interlayer space of Mg-Al nanoplatelets. Moreover, the role of intercalated anion in epoxide ring 

opening reaction was also explored by the aid of the CI [42-44]. 

In recent years, using ionic liquids and liquid crystal precursors in epoxy received much more 

attention. Improvement of thermal conductivity [45, 46], flame retardancy [47] and mechanical 

properties [48] of epoxy resin by the use of liquid precursors was the subject of several reports 

[49]. The presence of both organic cation and anion in the ionic liquids structure gives them the 

possibility to be served for functionalization of both cationic and anionic clay minerals. 

Modification of cationic clay minerals with diverse ionic liquids has been studied by many 

researchers [50-53]. Nevertheless, less attention has been paid to modify anionic clay minerals 

(LDH) with ionic liquids [54-56]. In addition, modification of nanoparticles with highly reactive 

ionic liquids and the correlation between cure kinetics and properties was not addressed. Herein, 

we used N-octadecyl-N'-octadecyl imidazolium iodide (IM) ionic liquid as intercalating agent in 

synthesis of LDH. The product was characterized by X-ray diffraction analysis (XRD), 

thermogravimetric analysis (TGA) and transmission electron microscopy (TEM). Cure potential 

of epoxy/Mg-Al-CO3-LDH-IM nanocomposites was qualitatively assessed by nonisothermal 

DSC analyses (25-300°C) based on dimensionless CI [57]. Cure kinetics parameters and the 

activation energy of the cure reaction were modeled by Friedman and Kissinger–Akahira–

Sunose (KAS) isoconversional methods. Surface free energy values of epoxy networks reinforced 

with LDH and LDH-IM were also determined. Viscoelastic behaviors and the values of glass 

transition temperature (Tg) of the neat epoxy, epoxy/LDH and epoxy/LDH-IM were also studied 

by temperature-sweep dynamic mechanical analysis (DMA) at frequency of 1 Hz. Thermal 

degradation kinetics of the neat epoxy and its nanocomposites containing 0.5, 2.0 and 5.0 mass% 



of LDH and LDH-IM were also studied by TGA data using Friedman, KAS and Flynn–Wall–

Ozawa (FWO) isoconversional methods. 

2. Experimental 

2.1. Materials 

A hydrotalcite (aluminum magnesium hydroxy carbonate, Mg-Al-CO3) denoted PURAL® MG 

63 HT was chosen as pristine anionic clay and was provided by Sasol Performance Chemicals. 

Triphenylphosphine (95%), imidazole (99.5%), octadecyl iodide (95%), and all the solvents i.e. 

Tetrahydrofuran (THF), sodium methanoate, methyl alcohol and acetonitrile were supplied from 

Aldrich and used as received. Epoxy resin Renlam CY219 and curing agent REN HY 5161 were 

purchased from Huntsman, Germany.  

2.2. Synthesis of imidazolium ionic liquids 

Synthesis of imidazolium ionic liquids was carried out through a multi-stage procedure [58]: 

First, a solution of sodium methoxide was prepared from 1 eq of sodium using freshly distilled 

methyl alcohol (10 mL) in a sealed septum, 100 mL round-bottom, three-necked flask equipped 

with a condenser, under argon atmosphere and magnetic stirring. Then, imidazole (1 eq) diluted 

in acetonitrile (10 mL) imidazole was added into the stirred mixture of sodium methoxide at 

room temperature. After 30 min, a white precipitate was observed. The mixture was 

subsequently concentrated under reduced pressure for 1 h. The dried white powder was dissolved 

in acetonitrile, and a solution of octadecyl iodide (1 eq) diluted in acetonitrile (10 mL) was then 

added under an inert atmosphere of nitrogen at room temperature. The resulting mixture was 

stirred for 1 h and then heated under reflux at 85°C for about 24 h. This procedure was repeated 



twice and the solvent was removed by evaporation under vacuum. Finally, purification was done 

by crystallization in a mixture (75/25) of ethyl acetate/acetonitrile. The synthesis route is shown 

in Fig. 1a.  

2.3. Organic modification 

To do so, first the LDH composed of carbonate counter anions was heated during 24 hours at 

500°C in order to form calcined LDH [59]. Then, based on the anion exchange capacity (AEC = 

3.35 meq/g) of the LDH used, 2 AEC of imidazolium ionic liquids, denoted IM, and LDH were 

added in 200 mL of a mixture of deionized water and tetrahydrofuran (THF) at volume ratio of 

3:1. The mixture was subsequently kept under stirring at 60°C for 24 h, the precipitate obtained 

was then filtered and washed with THF for five times. The residual solvent was evaporated under 

vacuum and the functionalized LDH was dried for 18 h at 80°C. Modification of LDH by IM is 

shown schematically in Fig. 1b. 

2.4. Preparation of epoxy nanocomposites  

For preparing epoxy nanocomposites listed in Table 1, epoxy resins with a 0.1, 0.5, 2.0 and 5.0 

mass% of nanoparticles were sonicated for 10 min and left for 24 h for removal of trapped air 

bubble. To make epoxy mixtures cured, the hardener was added to the resulting mixture at 

appropriate ratios at ambient temperature, the ratio of epoxy prepolymer to hardener was 2:1 by 

mass, as prescribed by the supplier, and it was thoroughly stirred for 3 min to make a 

homogeneous mixture. 

 



Table 1. Composition of the prepared nanocomposites. 

Sample code Nanoparticle Content (mass%) 
EP - 0.0 

EP/LDH-0.1 LDH 0.1 
EP/LDH-0.5 LDH 0.5 
EP/LDH-2 LDH 2.0 
EP/LDH-5 LDH 5.0 

EP/LDH-IM-0.1 LDH-IM 0.1 
EP/LDH-IM-0.5 LDH-IM 0.5 
EP/LDH-IM-2 LDH-IM 2.0 
EP/LDH-IM-5 LDH-IM 5.0 

 

2.5. Characterization 

XRD analysis was carried out using a diffractometer (Rigaku-MiniflexII, Japan) to assess the 

structure of LDH. The CuKα radiation was operated at voltage of 30 kV and current of 15 mA. 

The diffractograms were recorded with a step of 0.02°, with acquisition time of 2 s in 2θ values 

in the range of 5° to 70°.  

ATR spectra of the LDH and LDH-IM were collected on a Perkin Elmer Spectrum One FTIR 

Spectrometer. The IR absorptions were recorded in the range of 4000-400 cm-1. 

Transmission electron microscopy (TEM) was performed at the Technical Center of Micro-

structures (University of Lyon) using a Phillips CM 120 microscope operating at 80 kV to char-

acterize the dispersion of thermoplastic phases in the epoxy networks. 60-nm-thick ultrathin sec-

tions of samples were obtained using an ultramicrotome equipped with a diamond knife and were 

then set on copper grids. 

TGA analysis was performed on a Setaram Labsys Evo thermogravimetric analyzer (France) at 

heating rate of 10ºC/min in the temperature range of 30-900ºC under a nitrogen purge of 50 



mL/min. In addition, thermal degradation kinetics of the neat epoxy and its nanocomposites 

containing 0.5, 2 and 5 mass% of LDH and LDH-IM was investigated in the temperature range 

of 30–900ºC at different heating rates of 5, 10 and 15ºC/min under nitrogen atmosphere. 

The curing behavior of epoxy nanocomposites was analyzed by nonisothermal DSC technique, 

using a Netzsch 200F3 Maia Differential Scanning Calorimeter (Germany) and a 409 PC Luxx 

Simultaneous Thermal Analyzer (STA). All DSC analyses were performed under nitrogen 

purging of 50 mL/min. The non-isothermal of epoxy nanocomposites was conducted as follows: 

1) The samples were heated from 25 to 300°C at various heating rates: 5, 10 and 15°C/min.  

2) For estimating Tg, all the samples at the heating rates of 5, 10 and 15°C/min firstly were 

reached to 300°C, then cooled to ambient temperature at a constant cooling rate and heated again 

to 300°C. 

Surface free energy of resulting epoxy networks was determined from the sessile drop method 

using a Dataphysics goniometer with water and diiodomethane used as probe liquids. 

DMA was performed in tension mode in multi frequency state. The samples measured 

approximately 120 µm, thick by 10 mm wide and length was about 50 mm. Very low strain and 

displacement was applied on epoxy film samples within the linear viscoelastic region. Therefore, 

the amplitude of deformation (straining) needs to be adjusted inside the range of 0.01% to 0.5%. 

The DMA experiment was conducted for samples in the temperature range of 20 to 200°C at a 

heating rate of 3°C/min and frequency of 1 Hz.  

 

 



3. Results and discussion 

3.1. Characterization of the synthesized LDH 

Fig. 2 (a) presents the XRD spectra of the LDH and ionic liquid-modified-LDH. The surface 

treatment of LDH by the imidazolium ionic liquid denoted Im-C18 had no influence on the 

intercalation of ionic liquid with LDH layers. In both cases, one reflection at 2θ = 11.5° was 

observed corresponding to the basal value (7.7 Å) of the LDH. Therefore, the XRD result 

showed no contribution from the intercalation between the ionic liquid and clay layers to 

structural changes, so that the corresponding basal spacing of the LDH was remained almost 

unaffected. This observation elucidates that the interlayer anion does not change during the 

modification because of the horizontal orientation of carbonate ions in the gallery space of LDH. 

As a result, a strong interaction between the carbonate ions and hydroxide layers and also with 

imidazolium cation remains physisorbed on the LDH surface during modification [60, 61]. 

However, these results can be explained by the size of the counter anion leading to a planar 

configuration such as monolayer type. The anions have only one carbonyl bond (C=O) and if 

theses anions assume a planar configuration, no difference can be observed by XRD.  

The FTIR spectra of LDH and imidazolium-based ionic liquid modified LDHs are presented in 

Fig. 2. According to Fig. 2 (b), an adsorption bond at ca. 3450 cm-1 can be attributed to the 

asymmetrical and symmetrical stretching mode of -OH bonds of interlayer water and hydroxide 

layers [62]. Moreover, a sharp adsorption peak at 1360 cm-1 can be assigned to the stretching 

vibration of carbonate anions located into the interlayer of both the LDH and modified LDH 

[63]. The FTIR spectrum of LDH-IM shows the C-H in-plane-bending at 1180 cm-1, which is 

ascribed to the imidazole molecules [64]. Moreover, vibration bands at 757, 651 and 549 cm-1 



demonstrate the C-H out-of-plane-bending and ring deformation out-of-plane bending of 

imidazolium-based ionic liquid in modified LDH structure [64].  

After the surface treatment of the LDH by the imidazolium ionic liquids, the thermal degradation 

of the LDH-IM was investigated by TGA analysis and was represented in Fig. 2 (c). Typically, 

LDH undergoes three decomposition stages including the loss of water molecules physically 

trapped in between LDH layers (50-250°C) [56, 65, 66], the removal of interlayer carbonate 

anion, and eventually the dehydroxylation of hydroxides taking place in the zone of 250-500°C 

[67]. Even if the presence of carbonate anion due the regeneration of the crystalline structure of 

LDH have been highlighted by various authors during the surface modification [68, 69]. The 

presence of imidazolium ionic liquids was clearly detected by TGA where the degradation peak 

at 370°C corresponds to the physically absorbed ionic liquids. In addition, the difference in the 

mass percentage between the LDH and the modified LDH indicates also the presence of the 

imidazolium ionic liquids. 

Although XRD is a strong technic for evaluating the structure of LDH nanopalates, TEM is the 

most powerful evidence for describing the morphology of LDH in the epoxy nanocomposites. 

Fig. 3 shows the TEM micrographs of LDH and LDH-IM in epoxy matrix at high (above) and 

low (below) magnifications. TEM images (Fig. 3) of the EP/LDH nanocomposites at high 

magnification reveals agglomerated LDH layers and dispersed layers are apparent from the TEM 

images of imidazolium- based ionic liquids modified LDH. As explained via XRD analysis, the 

basal spacing of LDH layers remain constant during modification when imidazolium cation 

physisorbed into LDH surface. Some black regions in low magnification TEM images illustrate 

the dispersibility state of nanopalates into epoxy matrix. As apparent, LDH nanopalates show 

weak dispersion and are highly agglomerated in the epoxy matrix. By contrast, imidazolium- 



based IL-modified LDH is dispersed well into the epoxy system. The ionic liquid on the surface 

of LDH-IM acted as compatibilizing agents as well as dispersant leading to an appropriate 

dispersion of LDH-IM nanoplatelets into the epoxy compared to the LDH. The strong chemical 

interaction between imidazole groups of LDH-IM and epoxy rings dominates the tendency of 

LDH layers to agglomerate. Therefore, well-dispersed layers in epoxy are formed, which is 

shown by circles in TEM images. 

3.2. Cure analysis 

According to a protocol recommended for cure analysis of thermoset composites [57], the cure 

results of nonisothermal DSC at heating rates of 5, 10, and 15°C/min were analyzed in 

qualitative and quantitative manners. Fig. 4 shows the DSC thermograms of the blank epoxy and 

its nanocomposites containing 0.1 mass% of LDH and LDH-IM as a function of heating rates. 

Observation of a single exothermic peak in DSC thermograms of all the samples confirmed the 

assumption of single step curing kinetic.  

3.2.1. Qualitative cure analysis 

Qualitative cure evaluation of epoxy nanocomposites containing 0.1 mass% of LDH and LDH-

IM was performed by the CI [70]. The CI values for epoxy nanocomposites were calculated via 

the following equation: 

∗∗ ∆×∆= THCI            (3) 

The quantities of ∆H* and ∆T* were also calculated by the following Eq. (4) and Eq. (5): 
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Re∆
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where ∆HC and ∆HRef are the total enthalpy of cure for epoxy nanocomposites and the blank 

epoxy (the control of reference sample), respectively. In addition, ∆TC and ∆TRef are the 

temperature intervals within which the cure of composites (EP/LDH or EP/LDH-IM) and EP are 

completed, respectively [71, 72]. The cure parameters including the values of ∆T*, ∆H* and the 

CI of blank and epoxy nanocomposites at heating rates of 5, 10 and 15°C/min are listed in Table 

2. In addition, TOnset and TEndset, the onset and endset temperatures of the curing reaction, Tp as 

the maximum temperature of DSC peak, and ΔH∞ as the heat of cure reaction are presented in 

Table 2. 

Table 2. Cure characteristics of the prepared epoxy nanocomposites as a function of heating rate. 

Designation Heating 

rate 

(°C/min) 

TOnset(°C) Tp(°C) TEndset 

(°C) 

ΔT(°C) ΔH∞(J/g) *ΔT ΔH* CI Cure 

state 

EP 5 45.00 92.00 209.00 164.00 303.95 n.a. n.a. n.a. n.a. 

10 43.66 105.66 270.66 227.00 330.05 n.a. n.a. n.a. n.a. 

15 42.30 114.30 292.30 250.00 372.70 n.a. n.a. n.a. n.a. 

EP/LDH 5 47.87 91.87 223.87 176.00 269.11 1.07 0.89 0.95 Poor 

10 44.51 105.51 240.51 196.00 255.77 0.86 0.77 0.67 Poor 

15 42.89 114.89 260.89 218.00 320.13 0.87 0.86 0.75 Poor 

EP/LDH-

IM 

5 43.63 92.63 233.63 190.00 310.80 1.16 1.02 1.18 Good 

10 41.71 106.71 243.71 202.00 338.32 0.89 1.03 0.91 Excellent 

15 35.65 114.65 267.65 232.00 413.62 0.93 1.11 1.03 Excellent 

n.a. – not applicable (reference measurements) 



Mg-Al-CO3 LDH resulted in increase of the onset cure temperature of epoxy regardless of the 

heating rate. By contrast, the presence of LDH-IM expedited the cure reaction, featured by a fall 

in the onset cure temperature. Moreover, analysis of changes in the values of ∆H∞ revealed that 

LDH slowed down the cross-linking reaction due to the steric hindrance effect arising from large 

platelet-like nanoparticles that prevented interaction between epoxy and curing agent. However, 

imidazolium-based ionic liquid attached to the surface of LDH-IM provided epoxy resin 

additional help as the auxiliary curing agent that boosted epoxy curing reaction at elevated 

temperature. This can be attributed to the role of imidazole formed during the curing process at 

high temperature through thermal decomposition of ionic liquid structure [73, 74]. In addition, 

physisorbed ionic liquid acted as compatibilizing agents as well as dispersant aid leading to an 

appropriate dispersion of LDH-IM nanoplatelets into the epoxy compared to the LDH. The 

curing reaction between imidazole and epoxy featured by increase in the ∆H∞ values with respect 

to neat epoxy was reported in several works [47, 75]. The possible reaction of imidazole with 

rings of epoxy resin is schematically shown in Fig. 5. 

The cure state of epoxy nanocomposites including 0.1 mass% of Mg-Al-CO3-LDH and LDH-IM 

has been graphically shown based on the CI in Fig. S1 of supplementary information (SI). 

Addition of plate-like LDH into epoxy system resulted in Poor cure state (see Table 2 or Fig. 

S1), indicating that plate-like nanoparticles hindered cross-linking of epoxy [76, 77]. By contrast, 

the accelerating and co-curing effects of imidazolium-based ionic liquid in the LDH-IM led to a 

shift from Poor to Good and Excellent in EP/LDH-IM system.   

3.2.2. Quantitative cure analysis 

3.2.2.1. Cure behavior 



Cure conversion (α) can be calculated by using the following relation in which ΔHT is the heat of 

reaction at a given temperature T: 

∞∆
∆=

H

HTα              (6) 

According to the sigmoidal shape of α-time curves obtained for EP, EP/LDH and EP/LDH-IM 

(see Fig. S2 in the SI), the values of α increased slowly in the beginning of the curing reaction, 

while at the middle stage of cure when gelation occurred α increased rapidly and at late times 

became flat until the cure reaction completed. This phenomenon can be inferred on the ground of 

the acceleration role of the autocatalytic reaction by formation of OH intermediate products [5].  

3.2.2.2. Cure kinetics 

The rate of cure reaction in nonisothermal DSC depends on the k(T) and f(α), respectively known 

as the reaction rate constant and reaction model, respectively: 

)()( αα
fTk

dt

d =             (7) 

k(T) is determined by Arrhenius equation: 

)exp()(
RT

E
ATk α−=            (8) 

In the Eq. (8) A, R, Eα and T are the frequency factor, universal gas constant, activation energy 

and the absolute temperature, respectively. By substituting Eq. (8) into Eq. (7) the curing rate 

can be rearranged to: 

)()exp( αα α f
RT

E
A
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d −=           (9) 

The value of the activation energy can be obtained by isoconversional model-free methods. The 

differential isoconversional Friedman method is defined as follows [78]: 
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The KAS integral method is also defined as follows [79]: 
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The variation of activation energy of epoxy nanocomposites was evaluated from nonisothermal 

DSC by isoconversional method in which the reaction rate at a given α is only dependent on the 

temperature [80]. The activation energy changes as a function of α are shown in Fig. 6 (detailed 

procedure is represented in section S1.1 of the SI). Incorporation of the LDH and IM-modified 

LDH increased the activation energy of epoxy/amine systems due to the hindered effect of 

platelet-like LDH in curing moiety. Since LDH nanoplatelets cannot participate in curing 

reaction, they hindered cross-linking leading to an incomplete cure. In the case of EP/LDH-IM, 

since the imidazole formed during cure could participate in curing reaction as curing aid, the 

stoichiometry was changed by increasing the number of curing agents so that the number of 

curable molecules per unit volume was increased. As a result, reaction was continued when 

gelation occurred in the EP/LDH-IM system. Thus, the substantial increase in the value of 

activation energy of the assigned system compared to the neat epoxy and EP/LDH was the result 

of excessive collision in the system.  

To determine the reaction model (f(α)) of the prepared samples, Friedman and Malek [81, 82] 

methods were chosen for recognizing the noncatalytic and autocatalytic reactions. The details of 

Friedman and Malek methods and their mathematical formulas are provided in section S1.2 of 

SI, where Fig. S4 to Fig. S7 can be considered for meticulous analysis. Two-parameter 

autocatalytic kinetic model was confirmed for epoxy, epoxy/LDH and epoxy/LDH-IM systems 



by Friedman and Malek methods. Two-parameter autocatalytic kinetic model was defined by 

Sestak-Berggren as follows: 

nm
)()(f ααα −= 1            (12) 

The degrees of autocatalytic reaction (m and n) and the pre-exponential factor (LnA) were 

calculated based on Malek (as mentioned in section S1.2 of SI file). The parameters of Friedman 

and KAS methods are listed in Table 3. As the curing reaction of the prepared samples is on the 

basis of autocatalysis reaction, it is expected that the values of m and n change for each value of 

conversion. Therefore, we considered time-dependent orders of reactions to find the values of m 

and n based on Friedman and KAS methods at each conversion by using the iteration method 

through minimizing the difference between the experimental and theoretical values of dα/dt for 

certain values of conversion (i.e. 0.1, 0.2, ..., 0.9). 

 

Table 3. The kinetic parameters evaluated for the curing of pristine epoxy resin and its nanocomposites 

based on Malek, Friedman and KAS models at different heating rates 

Designation 
Heating rate 

(°C/min) 

Ēα 

(kJ/mol) 

Ln(A) 

(1/s) 

Mean 

(1/s) 
m Mean n Mean 

Malek 

EP 

5 
61.20 

19.82 
19.68 

0.142 
0.120 

2.139 
2.227 10 19.77 0.187 2.282 

15 19.44 0.030 2.259 

EP/LDH 

5 
63.24 

21.28 
21.15 

0.115 
0.099 

1.961 
2.018 10 21.13 0.101 1.913 

15 21.04 0.082 2.179 

EP/LDH-IM 

5 
67.47 

23.49 
23.36 

0.069 
0.040 

2.315 
2.311 10 23.45 0.045 2.159 

15 23.14 0.007 2.458 

Friedman 

Epoxy 5 44.73 13.28 13.41 0.228 0.264 1.624 1.780 



10 13.44 0.299 1.796 
15 13.50 0.265 1.920 

EP/LDH 

5 
47.47 

13.90 
14.17 

0.079 
0.176 

1.382 
1.553 10 14.25 0.215 1.508 

15 14.36 0.233 1.770 

EP/LDH-IM 

5 
49.48 

14.75 
14.93 

0.169 
0.223 

1.681 
1.702 10 15.06 0.257 1.614 

15 14.96 0.241 1.812 

KAS 

Epoxy 

5 
64.65 

19.80 
19.72 

0.030 
0.048 

2.056 
2.157 10 19.73 0.064 2.166 

15 19.63 0.049 2.250 

EP/LDH 

5 
66.68 

20.15 
20.24 

0.133 
0.061 

1.634 
1.818 10 20.28 0.012 1.771 

15 20.28 0.040 2.048 

EP/LDH-IM 

5 
71.63 

21.98 
21.94 

0.066 
0.057 

1.992 
2.055 10 22.07 0.029 1.969 

15 21.77 0.074 2.205 
 

The overall orders of cure reaction (m+n) for the neat epoxy and epoxy/LDH nanocomposites are 

larger than one, which suggest the complexity of curing of the studied epoxy/amine systems. The 

autocatalytic reaction order (m) was decreased by the incorporation of LDH into epoxy resin, 

signifying a change in the curing reaction mechanism from autocatalytic to noncatalytic reaction. 

This phenomenon is due to the hindrance effect of platy like LDH on the curing of cure moiety.  

The validity of Friedman and KAS models is evaluated by comparison of the curves of calculated 

dα/dt as a function of T plotted with the experimental data. We also compared the results for EP, 

EP/LDH and EP/LDH-IM in Fig. S8 of S1.3 in the SI. It can be observed that calculated data 

from Friedman and KAS models coincides well with experimental data.  

3.3. Surface energy 



The surface free energy components for the neat epoxy and its nanocomposites were calculated 

and reported in Table 4. The total surface free energy is divided into two components of non-

dispersive (polar) and dispersive components, where γL is the London dispersive component and 

the γSP is the specific (or polar) component. The polar component of EP/LDH system was 

increased compared to that of neat epoxy system. However, EP/LDH-IM remained almost 

unchanged. Substitution of the hydrogen atoms on the surface of LDH by imidazolium-based 

ionic liquid, an increase in the dispersion force component was achieved. Large hydrogen-

bonding ability of EP/LDH system may be attributed to the incomplete epoxy network formation 

due to the hindrance effect of platelet-like LDH. Higher SP

Sγ  component of the surface free 

energy of EP/LDH than that of neat epoxy is due to the weak intramolecular hydrogen bonding 

[83].  

Table 4. The surface free energy components of neat epoxy and its nanocomposites 

Samples L

Sγ  
SP

Sγ  Sγ  

EP 34.2 2.8 37.0 
EP/LDH 25.5 12.4 37.9 
EP/LDH-IM 34.9 3.3 38.0 

 

3.4. Viscoelastic behavior assessment 

Viscoelastic behavior of the neat epoxy, EP/LDH and EP/LDH-IM was studied by temperature-

sweep dynamic mechanical measurements at frequency of 1 Hz. In this manner, the dynamic 

properties of epoxy in the presence of 0.1 mass% of LDH and LDH-IM was uncovered. The 

dynamic properties reflected the alteration of energy in the system stored as the elastic energy 

and the energy dissipated during the strain process. The important parameters affecting the 



dynamic properties in a nanocomposite are the dispersion state of nanoparticles in the matrix, 

volume fraction of particles, their geometry, functionality and load transfer between the 

nanoparticles and the matrix [84, 85]. The dynamic storage modulus (E′), loss modulus (E") and 

tan δ curves as a function of temperature for the neat epoxy, EP/LDH and EP/LDH-IM are 

shown in Fig. 7. It is clear that both epoxy nanocomposites containing 0.1 mass% of LDH and 

LDH-IM have higher E′ (around 70% increment) at the glassy region compared to the neat 

epoxy. In the vicinity of the glass transition area, E" for all the samples shows an abrupt 

plummet. This transition occurred for EP/LDH, neat epoxy and EP/LDH-IM from low to the 

high temperatures in the mentioned order, indicating that positive effects of surface modification 

of LDH nanopalates with imidazolium ionic liquid on network formation of epoxy resulted in 

enhancement of crosslinking density of the epoxy system, which were dominant compared to the 

hindrance effect of LDH on the curing reactions of epoxy resin. These results are in agreement 

with the CI values highlighted in previous section which represented Good and Excellent cure 

state for EP/LDH-IM nanocomposites against Poor cure state suggested for EP/LDH system. At 

temperatures well above the glass transition region, the E′ reached a plateau in the rubbery stage, 

which is magnified in Fig. 7. The higher E′ value of the EP/LDH-IM system in the rubbery 

region is an indication of increased crosslink density of epoxy resin in the presence of LDH-IM 

due to the reaction of imidazole formed during the thermal decomposition of ionic liquid 

structure.  

The peaks in the plots of tanδ are indicative of glass transition temperatures. The Tg values are 

measured by DMA are compared with those measured by DSC (see Table 5). The Tg values that 

are measured using DMA and DSC methods are not the same, due to the fact that each technique 

works on the basis of a different physical phenomenon, which leads to a significant change in the 



glass transition. The glass transition measured using DSC is based on the change in the heat 

capacity, while in the DMA a change in the mechanical properties of storage or loss modulus is 

detected for calculating Tg [86].  

The Tg values based on DSC were obtained at heating rates of 5, 10, 15°C/min of fully cured 

neat epoxy and its nanocomposites containing 0.1 mass% of LDH and LDH-IM. It is obvious 

that there is a fall in Tg upon addition of LDH based on both DSC and DMA methods. The 

variation of Tg reflects the ease of polymer chains to relax and can be considered as an evidence 

of interactions between the reinforcing phase (nanoparticles) and the polymeric matrix [87, 88]. 

The decrease in the Tg of EP/LDH nanocomposite with respect to the blank epoxy denotes weak 

interactions between the LDH platelet-like nanoparticles and epoxy matrix. By contrast, with 

addition of LDH-IM a higher Tg value was observed compared to the blank epoxy resin, 

indicating a reduction in the segmental mobility of polymer chains. This indicated that, LDH-IM 

can create strong interactions with epoxy matrix as proved by the CI, which showed Good and 

Excellent cure state.  

 

Table 5. Glass transition temperature of the fully cured EP, EP/LDH and EP/LDH-IM 

Designation Tg (°C) 

 DMA DSC 

EP 94.1 89.2 

EP/LDH 82.1 81.7 
EP/LDH-IM 96.6 93.4 

 

3.5. TGA of nanocomposites 

3.5.1. Thermal stability of nanocomposites 



Thermal degradation of the neat epoxy and its nanocomposites containing 0.5, 2 and 5 mass% of 

LDH and LDH-IM nanoplatelets were studied by TGA. Fig. 8 shows TGA and DTG of the 

prepared samples. Thermal degradation parameters such as T5 and TP which represent 

decomposition temperature of 5% and peak mass loss, respectively and char residue at the end of 

TGA test are extracted and reported in Table 6. 

The temperature of the EP/LDH and EP/LDH-IM for the mass loss of 5% was higher than that of 

neat epoxy. Addition of LDH and LDH-IM to the epoxy matrix reduced the mobility of the 

epoxy chain around the nanopalates and enhanced thermal stability. The increase of T5 in the 

case of EP/LDH-IM nanocomposites is lower than that of EP/LDH due to the decomposition of 

the organic species physically adsorbed onto the surface of LDH. However, the TP of the 

nanocomposites remained unaffected with respect to the neat epoxy. The degradation of 

EP/LDH-IM exhibited a higher value of the char residue compared to the other samples because 

of carbon formation in the epoxy system [89]. 

Table 6. Thermal degradation parameters of neat epoxy and its nanocomposites.  

Designation T5 (°C) TP (°C) 
Residue (%) at 

900 °C 

EP 162.09 371.95 10.90 

EP/LDH-0.5 171.66 369.52 11.33 

EP/LDH-2 166.92 369.20 11.66 

EP/LDH-5 164.12 365.89 13.11 

EP/LDH-IM-0.5 165.92 370.83 9.33 

EP/LDH-IM-2 161.87 370.60 7.44 

EP/LDH-IM-5 201.32 365.14 15.17 

 

3.5.2. Decomposition kinetics 

The conversion of the decomposition (α) is defined as follows [90]:  
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where W0, Wt and Wf are the initial mass, polymer mass at time t and the final mass of polymer at 

the end of decomposition. The profiles of conversion of the decomposition for neat epoxy ant its 

nanocomposites containing 0.5, 2 and 5 mass% of LDH and LDH-IM at different heating rates 

are shown in Fig. S9 (section S2 of SI). By increasing the heating rate the degradation 

conversion shifted to higher temperatures and the pyrolysis process became faster due to the 

restricted time [91].  

KAS isoconversional method was considered for predicting the activation energy of the 

degradation reaction of neat epoxy and its nanocomposites containing 0.5, 2 and 5 mass% of 

LDH and LDH-IM. Fig. 9 shows the evolution of decomposition activation energy as a 

functional of α based on KAS method (the details can be find in section S2.1 of SI file) for the 

neat epoxy and its nanocomposites containing 0.5, 2 and 5 mass% of LDH and LDH-IM. At first, 

the Eα values of jumped abruptly and then reached to a near flat region. Finally, a gradual rise in 

Eα values can be observed. Independent on the isoconversional method, activation energy of 

nanocomposites increased in comparison with neat epoxy. As apparent, the activation energy 

values increased with increasing LDH and LDH-IM content from 0.5 to 5 mass%. Epoxy system 

containing 5 mass% of LDH-IM shows highest Eα values due to the presence of higher amount 

of thermally stable LDH nanopalates with imidazolium- based IL on their surface. The imidazole 

of IL on the surface of LDH can interact with epoxy resin and results in denser network which 

makes the decomposition reaction more difficult and leads to higher activation energy.  

The reaction model f(α) was determined with the help of Criados master plots [92], expression:  
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The Criado method compares experimental TGA results with the frequently used reaction 

models and associated functions, f(α) and g(α), as tabulated in Table 7.  

 

Table 7. Reaction models of most common reaction mechanism considered in solid-state reactions [80, 

93]. 

Reaction Model Model Code f(α) g(α) 

Power law P2 2α1/2 α1/2 

Power law P3 3α2/4 α1/3 

Power law P4 4α3/4 α1/4 

Avrami-Erofeev: Two-dimensional 

nucleation 

A2 2(1-α)[-ln(1- α)]1/2 [-ln(1- α)]1/2 

Avrami-Erofeev: Three-dimensional 

nucleation 

A3 3(1-α)[-ln(1- α)]2/4 [-ln(1- α)]1/3 

Avrami-Erofeev: Four-dimensional 

nucleation 

A4 4(1-α)[-ln(1- α)]3/4 [-ln(1- α)]1/4 

Contracting cylinder: Two dimensional 

phase boundary reaction 

R2 2(1-α)1/2 1-(1-α)1/2 

Contracting sphere: Three dimensional 

phase boundary reaction 

R3 3(1-α)2/3 1-(1-α)1/3 

Two-dimensional diffusion D2 [-ln(1- α)]-1 (1-α)ln(1- α)+ α 

Three dimensional diffusion D3 3/2(1-α)2/3[1-(1- α)1/3]-1 [1-(1- α)1/3]2 

Mampel (first order) F1 1-α -ln(1- α) 

One-dimensional diffusion D1 1/2α-1 α2 

Ginstling-Brounshtein D4 3/2((1-α)-1/3-1) 1-(2α/3) -(1- α)2/3 

Second order F2 (1-α)2 (1- α)-1-1 

Third order F3 (1-α)3 [(1- α)-1-1]/2 
 

where T0.5 and (dα/dt)0.5 represent the temperature and the rate of degradation at α= 0.5. The left-

hand side [(f(α)g(α))/f(0.5)g(0.5)] of Eq. (14) represents the theoretical master plots obtained 



from each reaction mechanism mentioned in Table 7. The right-hand side of Eq. (14) was 

calculated from the experimental results. Comparing the theoretical master plots with those 

obtained experimentally, the most suitable reaction model was obtained. The theoretical master 

plots of z(α)/z(0.5) as a function of α for different mechanisms (Table 7) along with 

experimental reduced plots for the neat epoxy and its nanocomposites are illustrated in Fig. 10 at 

a heating rate of 5 ˚C/min. The reaction model for a system of multiple complex reactions has 

little meaning, yet the reaction model was predicted to comprehend the apparent reaction model. 

Apparent from Fig. 10, the degradation kinetic models for EP, EP/LDH-0.5, EP/LDH-2, 

EP/LDH-5, EP/LDH-IM-0.5, EP/LDH-IM-2 and EP/LDH-IM-5 were found to be D4, D2, A3, 

F2, A2 and D3 for the conversion values from 0.2 to 0.4, respectively. The data was fitting with 

F3 model for conversion values in the range of 0.5-0.8. 

Sestak and Berggren (Eq. (12)) proposed an empirical function that permits accommodation of a 

wide range of real changes described by an f(α) function. Table 8 reports the decomposition 

kinetic parameters of Sestak-Berggren function of neat epoxy and its nanocomposites based on 

the KAS isoconversional method. The decomposition reaction order (n+m) increased by the 

addition of LDH and LDH-IM nanopalates to the epoxy matrix, suggesting that the rate of 

decomposition reaction decreased with introduction of nanoparticles. The frequency factor (LnA) 

significantly rose by adding LDH and LDH-IM and their content in the epoxy matrix, which is 

obvious in the case of EP/LDH-IM nanocomposites. Introduction of LDH-IM made thermal 

decomposition reaction difficult due to the formation of denser epoxy network as a result of 

chemical interactions between imidazolium-based ionic liquid in the LDH-IM structure and 

epoxy resin. Strong interfacial adhesion in the region near LDH-IM and epoxy matrix hindered 



the molecular motion and led to dissipating more energy, which resulted in higher resistant 

against thermal decomposition.  

 

Table 8. Decomposition parameters of epoxy and its nanocomposites using KAS isoconversional kinetic 

model. 

Designation Eα (kJ/mol) LnA (min−1) m n 

E0 124.0 20.7 1.1 1.1 

E-LDH-0.5 129.7 25.0 1.2 2.6 

E-LDH-2 192.7 37.2 1.0 3.3 

E-LDH-5 191.7 35.6 0.9 3.1 

E-LDH-IM-0.5 150.2 29.5 1.5 3.3 

E-LDH-IM-2 128.0 22.4 1.1 2.2 

E-LDH-IM-5 181.6 33.3 0.8 2.1 

 
 

The experimental and model predicted decomposition reaction rate based on the Sestak and 

Berggren model for neat epoxy and its nanocomposites using KAS isoconversional method is 

shown in Fig. S11 (section S2.2 of SI). KAS method represents good correlation with the 

experimental and have similar decomposition trend.  

Conclusion 

In this work, Mg-Al-CO3-LDH modified by imidazoline ionic liquid and modification was 

proved by XRD and TGA analyses. Besides, epoxy nanocomposite was prepared by 0.1, 0.5, 2 

and 5 mass% of LDH and LDH-IM. TEM denoted the effect of imidazolium- based IL on 

intercalation of LDH layers and indicated appropriate dispersion state of LDH-IM in epoxy 

matrix. The qualitative cure analysis of EP, EP/LDH and EP/LDH-IM was evaluated by 

nonisothermal DSC analysis. According to the CI values EP/LDH showed the Poor cure state 

due to the hindrance effect of plate-like LDH particles. While imidazole-based ionic liquid 



modified LDH shifted the cure state to the Good at low heating rate (β=5oC/min) and Excellent at 

β of 10 and 15oC/min thanks to facilitation effect of imidazole groups in epoxide ring opening. It 

was also revealed that the activation energy for epoxy system increases respect to neat epoxy due 

to the hindrance effect of platelet-like LDH. Higher polar component of surface free energy of 

EP/LDH than the neat epoxy system is indicated the weak intramolecular hydrogen bonding. The 

higher storage modulus value of the EP/LDH-IM-0.1 system in the rubbery region is indication 

of increasing crosslink density of epoxy resin due to the reaction of imidazole of IL structure 

with epoxy ring. The decrement of Tg for EP/LDH nanocomposite by both DMA and DSC 

methods denotes weak interactions between LDH plate-like particles and epoxy matrix. While, 

LDH-IM increased Tg of epoxy system (96.6oC from DMA and 93.4oC from DSC) compared to 

neat epoxy (94.1oC from DMA and 89.2oC from DSC) which is attributed to the strong 

interactions between LDH-IM and epoxy matrix. The KAS isoconversional method represented 

the rise in decomposition activation energy and frequency factor values by addition of LDH-IM 

in epoxy matrix especially in 5 mass% which indicated the strong interfacial surface in the 

vicinity of LDH-IM and epoxy matrix that hardened the molecular motion and consequently 

thermal decomposition. 
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Fig. 1. (a) Synthesized IM and (b) modification of LDH by IM. 

Fig. 2. (a) XRD pattern of the LDH and ionic liquid-modified LDH, (b) ATR of the LDH and LDH-IM 

and (c) TGA and DTG profiles of the LDH and ionic liquid-modified LDH. 

Fig. 3. TEM images of dispersed LDH and LDH-IM into epoxy matrix. 

Fig. 4. Nonisothermal DSC thermograms of epoxy nanocomposites containing 0.1 mass% of LDH and 

LDH-IM nanoparticles at different β of (a) 5, (b) 10 and (c) 15°C/min. 

Fig. 5. Possible reaction between the imidazole and epoxy rings. 

Fig. 6. Variation of Eα versus conversion for epoxy resin and prepared nanocomposites derived from (a) 

Friedman model and (b) KAS model. 

Fig. 7. The storage modulus, loss modulus and tanδ alteration as a function of temperature at frequency of 

1 Hz for EP, EP/LDH and EP/LDH-IM systems. 

Fig. 8. (a) TGA and (b) DTG thermograms of neat epoxy and its nanocomposites. 

Fig. 9. The evolution of activation energy against α based on KAS method. 

Fig. 10. Theoretical master plots of different reaction models and experimental reduced rate plot at 5 

˚C/min for neat epoxy and its prepared nanocomposites. 

 


























